The ability of stem cells to differentiate into specialized lineages within a specifi c microenvironment is vital for regenerative medicine. For harnessing the full potential of stem cells for regenerative therapies, it is important to investigate and understand the function of three types of microenvironmental cues-soluble signals, cell-cell interactions, and insoluble (physical) signals-that dynamically regulate stem cell differentiation. [ 1 ] Neural stem cells (NSCs) are multipotent and differentiate into neurons and glial cells, [ 2 ] which can provide essential sources of engraftable neural cells for devastating diseases such as Alzheimer's disease, [ 3 ] Parkinson's disease [ 4 ] and spinal cord injury. [ 5 ] One of the major challenges involved in the differentiation of NSCs is to identify and optimize factors which result in an increased proportion of NSCs differentiating into neurons as opposed to glial cells. To this end, soluble cues such as brain-derived neurotrophic factor (BDNF), [ 6 ] sonic hedgehog (Shh), [ 7 ] retinoic acid (RA), [ 6 c] and neuropathiazol [ 8 ] have been shown to signifi cantly increase neuronal differentiation of NSCs in vitro. However, the research toward studying the function of the other two microenvironmental cues (cellcell interactions and insoluble cues) during the neurodifferentiation of NSCs is limited, mainly due to the lack of availability of methods for the investigation. [ 9 ] While various aspects such as cell-cell interactions, [ 10 ] combinations of extracellular matrix (ECM) proteins, [ 1 a, 11 ] and physical properties of substrates have been shown to play a vital role in determining the fate of other adult stem cells such as mesenchymal stem cells (MSCs), [ 12 ] cardiac stem cells, [ 13 ] and hematopoetic stem cells, [ 14 ] little is known about the infl uence of such factors on the neuronal differentiation of NSCs. Therefore, there is a pressing need to develop methods for investigating the role of cell-cell interactions and insoluble signals in selectively inducing the differentiation of NSCs into specifi c neural cell lineages.
Herein, we demonstrate how ECM protein patterns can be used to investigate the effect of physical cues combined with cell-cell interactions on the differentiation of NSCs. Bio-surface chemistry combined with soft lithography was used to generate combinatorial patterns with varying geometries and dimensions of ECM proteins (e.g., laminin, fi bronectin, and collagens) to study the infl uence of surface features and ECM compositions on the differentiation of NSCs. We hypothesized that the ECM protein patterns with variant geometries and dimensions would provide physical cues (e.g., mechanical or topographical cues), as well as guide cell-cell and cell-ECM interactions in a controlled manner, both of which would ultimately lead to a pattern geometry-dependent and pattern dimensiondependent neuronal and glial differentiation ( Figure 1 ). Our data confi rmed that the difference in the extent of neuronal and glial differentiation of NSCs on the ECM protein patterns was entirely due to the pattern geometry and dimension, as all the experiments were carried out in the absence of exogenous factors that promote neurogenesis; this suggests that NSCs can undergo differentiation by purely sensing the difference in ECM pattern geometries and dimensions.
Extracellular matrix protein patterns with variant geometries and dimensions were fabricated by initially patterning octadecanethiol (ODT, 5 m m in ethanol), a hydrophobic alkanethiol, which formed self-assembled monolayers (SAMs) of squares, stripes, and grids on glass substrates coated with a thin fi lm (12 nm) of gold. In order to minimize the nonspecifi c attachment of laminin, the background of the substrates was passivated by incubating in a solution (5 m m in ethanol) of tetraethylene glycol terminated alkanethiol [EG 4 -(CH 2 ) 11 -SH, 12 h] (See Supporting Information for synthesis and characterization). After passivating the background, a solution of ECM protein [e.g., laminin (10 μ g mL − 1 )
in phosphate buffered saline (PBS) buffer, pH = 7.4] was added onto the substrates (3 h) and was preferentially adsorbed onto the hydrophobic regions (ODT patterns). The selective adsorption of laminin on hydrophobic regions was consistent with the results of other groups [ 15 ] and was also confi rmed by immunostaining using anti-laminin IgG communications (See Supporting Information, Figure S1 ). Only the patterned regions, coated with ECM proteins, promoted cell adhesion and growth whereas the rest of the substrate remained inert ( Figure 1 ). We similarly patterned several different ECM proteins including fi bronectin and collagen, but found that laminin provided the optimum microenviromental cues for NSC adhesion and growth. Hence, all our differentiation studies were carried out using laminin patterns.
To examine the effect of the ECM protein patterns on stem cell differentiation, primary rat hippocampal neural stem cells (Millipore) were fi rst expanded and maintained in an undifferentiated state in a homogeneous monolayer on a polyornithine and laminin-coated Petri dish in a defi ned serum-free growth medium [DMEM/F12 supplemented with B27 and basic fi broblast growth factor (bFGF, 20 ng mL
For obtaining reproducible and consistent results, all experiments were carried out using NSCs from passages 2-5 at a constant cell density of 150 000 cells per substrate (1.5 cm × 1.5 cm), which was optimum for cell growth without clustering. Arresting the proliferation of NSCs and initiating their spontaneous differentiation was achieved by withdrawing bFGF from the culture medium (resulting in basal medium), without the additional treatment with exogenous factors (proteins and small molecules). The basal medium (2 mL) containing the NSCs (75 000 cells mL
was put in a single well of a 6-well plate containing a substrate with laminin patterns. After the NSCs attached onto the laminin patterns (1 h), the substrates were rinsed with copious amounts of media in order to minimize nonspecifi c interactions of NSCs with the passivated areas, and then incubated in fresh basal medium. The media was exchanged with fresh media every other day. During our screening approach to investigate the function of physical cues on neuronal differentiation of NSCs, we monitored the differentiation on ECM protein patterns by using two orthogonal assays, namely immunocytochemical and morphological assays. To assess the differentiation of NSCs, the down-regulation of the NSC marker (Nestin) and the geometrydependent expression of the neuronal marker ( β -III Tubulin, TuJ1) and glial marker (glial fi brillary acidic protein, GFAP) were monitored. In addition, the development of branches or spindle-like morphologies, and neurite outgrowths were observed by using an inverted phase contrast microscope (Zeiss Axiovert 200M equipped with AxioCam CCD).
Patterns of ECM proteins with different geometries contributing to adhesion, proliferation, growth and migration of various cells (including stem cells) have been reported. [ 16 ] In addition, reports from the literature have shown cell-cell interactions to play a critical role in the differentiation of adult stem cells. For instance, it was recently shown that cell-cell interactions played an important role in the osteogenic (bone) differentiation of MSCs. [ 10 ] To study the infl uences pattern geometries and cellcell interactions on the differentiation of NSCs, we initially patterned the NSCs on stripes of laminin, which promoted one-way interactions in a controlled manner ( Figure 2.A1 ). We found that after six days, 36% of NSCs on the isolated stripes differentiated into neurons (Figure 2 .A2 and Figure 3 ) . At the same time we observed that 64.3% of NSCs on these stripes differentiated into astrocytes (Figure 2 .A3 and Figure 3 ).
To further confi rm the infl uence of such interactions on the differentiation of NSCs, we used square patterns of laminin to isolate NSCs and restrict their growth within the square patterns (Figure 2 .B1) . We hypothesized that the differentiation behaviour of NSCs can be considerably infl uenced by limiting cell-cell interactions. We observed that NSCs patterned on squares, having the same dimensions and spaces as the stripes, differentiated into neurons to a considerably lesser extent (28.1%, Figure 2 .B2 and 3 ) as compared to the NSCs involved in one-way interactions on the striped laminin patterns. At the same time, the number of NSCs that differentiated into astrocytes increased considerably on squares -76.9% on squares as compared to 64.3% on stripes (Figure 2 .B3 and 3 ) . Thus, the reduced cell-cell interactions with the NSCs on the surrounding patterns may have led to reduced neuronal differentiation and increased glial differentiation of the NSCs. Based on the observed differentiation of NSCs on stripes and squares, we further hypothesized that using specifi c pattern geometries promoting cell-cell interactions could lead to higher neuronal differentiation. For this purpose, we used grid patterns of laminin, having the same dimensions as the stripe and square patterns, for NSC growth and differentiation. The grid patterns were specifi cally designed to increase cell-cell interactions in a controlled manner (by promoting two-way interactions, Figure 2 .C1). After six days in basal medium, as compared to the NSCs patterned on stripes and squares of laminin, we observed a remarkable increase in the number of NSCs that underwent neuronal differentiation (45.6%, Figure 2 .C2 and 3 ) and a decrease in the number of cells that underwent glial differentiation on grid patterns of laminin (49.6%, Figure 2 .C3 and 3 ). All the experiments were repeated several times under the same conditions. To maintain consistency and minimize the effects from other variables, we fabricated and used PDMS stamps to generate ECM protein patterns of all the three geometries (having the same dimensions and spacing) on the same substrate. Using this method, we could reproduce and confi rm our results with relative ease. Neuronal and glial differentiation of NSCs was also monitored on control substrates which included substrates coated with laminin (unpatterned) and substrates without laminin. The NSCs on substrates without laminin did not attach and failed to survive, whereas 32.5% of the NSCs on the unpatterned substrates coated with laminin differentiated into neurons and 71.2% of the NSCs differentiated into astrocytes six days after seeding. In addition to investigating the effect of pattern-geometry, we also studied the effect of dimensions on NSC differentiation. To this end, we generated ten different dimensions for each of the geometries, ranging from sizes as small as 10 μ m and as large as 250 μ m ( Figure 4B ). Interestingly, for the three different geometries above 50 μ m, we observed little difference in the percentage of NSCs undergoing neuronal and glial differentiation. The result observed for pattern dimensions above 50 μ m was similar to that observed with unpatterned substrates. We believe the cells may not be able to sense the difference in pattern geometries above 50 μ m and thus show similar behaviour to the cells on unpatterned substrates. Since the NSCs showed remarkable difference in differentiation on patterns ranging from 10-50 μ m, all of our statistical analysis and investigation was done using pattern features within this range. We observed that the laminin patterns of all three geometries enabled the NSCs to attach and grow within a day or two day after seeding. By staining for actin using phalloidin and using fi eld emission scanning electron microscopy (FESEM, Zeiss Gemini), we further observed that the cytoskeleton of the NSCs aligned well within the laminin patterns, guiding cellular morphology and interactions (Figure 4 B,C) . To confi rm that the laminin patterns infl uenced morphological changes before differentiation (as opposed to an early differentiation of NSCs which might have caused a change in alignment and morphology), the NSCs were immunostained for the neural stem cell marker nestin two days after seeding in basal medium. We observed that most of the NSCs that aligned along the patterns, stained positive for nestin (Figure 4 A), confi rming that cells were in an undifferentiated (multipotent) state when they aligned along the patterns (See Supporting information, Figure S2 for NSCs on squares and stripes stained for actin and nestin). We further confi rmed neuronal differentiation of NSCs on the laminin patterns using synapsin as another neuronal marker in addition to TuJ1. After six days in basal medium, a remarkably high number of the NSCs growing along the grid patterns of laminin expressed synapsin (Figure 4 D) . In addition, colocalization of TuJ1 and synapsin was observed within the NSCs differentiated on the grid patterns, confi rming that the neurons expressed both neuronal markers (Supporting information, Figure S3 ).
In summary, we fabricated and utilized patterns of ECM proteins for modulating the extent of neuronal and glial differentiation of NSCs in the absence of soluble cues such as small molecules and exogenous proteins. Potentially, our approach and methodology can be helpful for deconvoluting physical cues and cell-cell interactions from complex microenvironmental cues. More detailed mechanistic studies on how physical cues modulate the signaling cascades and the signaling pathways that are primarily involved in stem cell differentiation induced by such factors are currently under investigation. The implications of our results could also potentially be signifi cant for tissue engineering for brain and spinal cord injuries, where NSCs or NSC-based differentiated cells can be transplanted into the damaged regions with scaffolds. For example, scaffolds having patterns promoting cell-cell interactions in a controlled manner could potentially lead to increased neuronal differentiation in vivo. Even though we have explored only proof-of-concept experiments focusing on differentiation of NSCs, a similar strategy could be extended to study and control the fate of other stem cells, such as MSCs and embryonic stem cells (work in progress). Our results substantiate the importance of pattern dimensions, pattern geometries, and cell-cell interactions in controlling stem cell fate.
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